Antibodies are capable of specifically recognizing and binding antigens. Identification of the antigenbinding site, commonly dubbed paratope, is of high importance both for medical and biological applications. To date, the identification of antigen-binding regions (ABRs) relies on tools for the identification of complementarity-determining regions (CDRs). However, we have shown that up to 22% of the residues that actually bind the antigen fall outside the traditionally defined CDRs. The Paratome web server predicts the ABRs of an antibody, given its amino acid sequence or 3D structure. It is based on a set of consensus regions derived from a structural alignment of a non-redundant set of all known antibody-antigen complexes. Given a query sequence or structure, the server identifies the regions in the query antibody that correspond to the consensus ABRs. An independent set of antibody-antigen complexes was used to test the server and it was shown to correctly identify at least 94% of the antigen-binding residues. The Paratome web server is freely available at http:// www.ofranlab.org/paratome/.
INTRODUCTION
One of the most common problems in immunological research is the identification of paratopes, namely the residues within an immunoglobulin that recognize and bind the antigen (Ag). The high affinity and specificity of antibodies (Abs) to their cognate Ag, which allows them to block its activity or to mark it for destruction (1) , are at the heart of immunity. They also make Abs powerful tools in numerous molecular applications in research as well as in diagnostics and therapy (2) (3) (4) (5) (6) (7) . Therefore, to understand immunity (and autoimmunity) and to engineer and improve Ab-based applications, one needs to first identify the molecular determinants that mediate Ag recognition and binding. However, currently there is no tool available for providing such prediction. complementarity-determining regions (CDRs) are considered a proxy for the sites that recognize and bind the Ag. CDRs are six hypervariable segments of amino acids, three on each of the light and heavy chains (8) (9) (10) .
Attempts to computationally identify CDRs have been on going for >40 years (10) (11) (12) (13) (14) (15) (16) (17) . The most commonly used CDR identification methods to date are Kabat (10, 15) , Chothia (12, 13, 16) and IMGT (16) . Each of these methods has devised a unique residue numbering scheme according to which it numbers the hypervariable region residues and the beginning and ending of each of the six CDRs is then determined according to certain key positions. The pressing need in this type of analysis is manifested in the citations: in 2010 alone these methods generated over 500 citations. Arguably, many of the users are not interested in the CDRs as such but rather are interested in identifying the residues that mediate Ag binding. However, in a recent analysis we have shown that CDR identification methods may miss >20% of the residues that actually bind the Ag (18) . Furthermore, we have also shown that the residues that are missed by these methods include some that make crucial energetic contribution to Ag binding (18) .
The Paratome web server implements an algorithm we developed for the identification of antigen-binding regions (ABRs) from the amino acid sequence or 3D structure of an Ab (18) . The algorithm is based on the premise that the vast majority of antigen-binding residues lie in regions of structural consensus between Abs. These structural consensus regions form six sequence stretches along the Ab sequence, roughly corresponding to the six CDRs (18, 19) . The server uses the structural consensus regions within a multiple structure alignment (MSTA) of a non-redundant set of all antibody-antigen (Ab-Ag) complexes, as a reference according to which the ABRs of unannotated Abs are inferred (18) . It is trained to identify binding regions for Abs that bind protein or peptide Ags. To our knowledge, Paratome is currently the only server aimed at identifying the Ag-binding site of Abs, which can then be used as starting points for experiments, may help improve vaccine and Ab design and may serve for large scale analysis of Abs.
DESCRIPTION OF WEB SERVER

Input
The input for the Paratome web server is either an amino acid sequence or a 3D structure (or PDB id) of an Ab. 3D structures must be in PDB file format (http://www. wwpdb.org/docs.html, 23 May 2012, date last accessed). Analysis of multiple Abs is available by uploading a compressed file containing a collection of either sequences or structures. Each submission allows the analysis of up to 100 MB of sequences or structures. Processing time is typically 5-15 s per query Ab.
Output
The first analysis done by the server determines whether the input includes an Ab or a fragment thereof. If the input is not identified as such, the results page includes a link to a text files in which this result is stated and explained (e.g. no BLAST hits found, see Supplementary Data S1C). Otherwise, the results page links to two files-a text file and an HTML file. These files provide a list of the residues that make up each ABR and their location. The HTML file provides also visualization of the ABRs highlighted in the sequence of the query Ab. For sequences, ABRs location is indicated according to their sequence position within the query sequence (see Supplementary Data S1A and S1B). Figure 1 shows the HTML results file of running Paratome on the structure of anti-IL-15 (PDB id 2xqb). For 3D structures, the location of each residue within the predicted ABRs is indicated according to its residue number as it appears in the input PDB ( Figure 1A ). Disordered ABRs residues (i.e. residues missing from the ATOM field) are marked with an asterisk ( Figure 1A) . Additionally, the structure of the query Ab with its predicted ABRs highlighted is accessible using the Jmol Java applet ( Figure 1B) .
MATERIALS AND METHODS
ABRs identification
Paratome is based on a large MSTA of Abs, which revealed regions of structural consensus where the pattern of structural positions that bind the Ag is highly similar among all known Abs. These consensus regions, we found, cover virtually all the residues that bind the Ag. The algorithm is based on the fact that for each Ab in the MSTA we have already identified the ABRs. Thus, given a query Ab, the algorithm performs three consecutive steps: (i) A BLAST (20) search against all the sequences in the MSTA. If the query is a PDB file, the sequence is extracted from the SEQRES field (if exists). Otherwise, it is extracted from the ATOM field. (ii) Next, a pairwise alignment is performed between the query Ab and the top BLAST hit: If the input is a sequence, each framework region (FR) of the top BLAST hit Ab is locally aligned to the query Ab using the Smith-Waterman local alignment algorithm (21) . For a detailed example of sequencebased FRs pairwise alignment, see Supplementary Data S2. If the input is an Ab 3D structure, the best BLAST hit Ab and the query Ab are structurally aligned using the combinatorial extension (CE) structural alignment algorithm (22) . For a detailed example of Abs pairwise structural alignment, see Supplementary Data S3. (iii) ABRs identification-the ABRs of the query Ab are identified according to the boundaries of the FRs of the top BLAST hit Ab with which it was aligned in the previous step. Figure 2 summarizes the process of ABRs identification.
PERFORMANCE
The performance of Paratome has been tested on all Ab-Ag complexes that were added to the PDB after the (23) . Table 1 summarizes the performance obtained by all methods on the test set. While the precision of all methods is roughly the same, the results show that virtually all Ag-binding residues fall within the ABRs predicted by Paratome.
IMPLEMENTATION
The server was designed and implemented using Perl, bash, Python, HTML, XML and XSL. The front end of the server is designed in HTML, XML and XSL. Structure visualization is enabled using the Jmol Java applet (http:// jmol.sourceforge.net/, 23 May 2012, date last accessed). The web server and computations run on a Red-hat Enterprise Linux 5.7 (Tikanga) with 3.00 GHz 8 CPUs and 16 GB primary memory.
CONCLUSION
The specificity and affinity of Ab-Ag interactions are fundamental for understanding the biological activity of these molecules. Correct identification of the residues that mediate these interactions is crucial for immunological Average precision, recall and specificity were calculated for the Abs in the test set for Paratome, Kabat, Chothia and IMGT methods.
research and for applications aimed at modifying and manipulating such interactions. Paratome provides a simple interface for the identification of the Ag-binding regions from the amino acid sequence or 3D structure of an Ab and has been shown to do so efficiently. Considering that the 3D structure of most known Abs is yet unknown, the ability to accurately and reliably identify the ABRs directly from sequence, is highly valuable and increases the accessibility of this essential knowledge to the entire scientific community in general and to immunity researchers in particular.
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